Summary. In the Bay of Islands ophiolite complex of Western Newfoundland, Lower Ordovician crust and upper mantle are exposed in four massifs. Two of these, the Blow-Me-Down and North Arm massifs, contain complete or nearly complete ophiolite successions ranging from clastic sediments at the top, through pillow basalts, sheeted dykes, gabbros, and peridotites at the base. The detailed velocity structure of the North Arm massif has been reconstructed from compressional and shear wave velocity measurements to confining pressures of 6 kbar and low pore pressures for 125 cores collected from $3 sites of known stratigraphic level and is compared with the previously determined seismic structure of the Blow-Me-Down massif. Within the upper 2 k m of North Arm, compressional wave velocities increase from 5.0 to 7.0 km s-' and shear wave velocities increase from 2.8 to 3.8 km s-'. Velocities at this level in the Blow-Me-Down massif are higher due to the presence of pumpellyite. In both massifs, the top of layer 3 occurs within the sheeted dyke complex at a depth of approximately 1.5 km and marks the transition from greenschist to amphibolite facies metadolerites. High level gabbros and plagiogranites at depths of between 2 and 4 km are responsible for velocity inversions. In North Arm, Poisson's ratios at this depth are relatively high (0.3 1-0.34); whereas in Blow-Me-Down, abundant quartz-rich plagiogranites give rise to low Poisson's ratios (0.25-0.27). The lowest crustal unit in North Arm, which consists primarily of gabbro and amphibolite, has average compressional and shear wave velocities of 7.0 and 3.8 km s-', respectively. Within this section (4-6 km) the velocities decrease slightly with increasing depth in North Arm, but increase abruptly at 5.5 km depth in Blow-Me-Down. In the North Arm massif, the transition from crust to mantle is rather gradual due to the presence of a relatively thick mixed zone of gabbro and ultramafics.
Introduction
The Bay of Island ophiolite complex of Western Newfoundland is composed of four major massifs ( Fig. 1) : Table Mountain , North Arm Mountain, Blow-Me-Down Mountain, and the Lewis Hills. Exposures are excellent and mapping by Smith (1958) , Williams Sr Malpas (1972) and Williams (1973) has found an ophiolite sequence consisting from the top downward of clastic sediments, pillow basalts with intercalated sediments and flows, sheeted dykes, gabbros and ultramafics. Of the four massifs, only one, North Arm Mountain, appears t o be complete. The sedimentary unit and uppermost levels of basalt have been removed by erosion from the Blow-Me-Down and Lewis Hills massifs, and in Table Mountain only the lower gabbroic and ultramafic units remain (Smith 1958) .
These massifs are interpreted as Lower Ordovician oceanic crust and upper mantle (Stevens 1970; Church & Stevens 1971; Williams 1971; Mattinson 1976; Jacobsen & Wasserburg 1979) , possibly originating within an opening and closing proto-Atlantic Ocean (Wilson 1966) . In an earlier paper (Salisbury & Christensen 1978) , we reconstructed the seismic velocity structure of a traverse through the Blow-Me-Down massif from laboratory measurements of compressional and shear wave velocities at hydrostatic confining pressures appropriate for the oceanic crust. It was concluded that the measured velocity structure was similar to that of normal oceanic crust as determined by marine seismic refraction measurements. Of major significance: (1) the layer 2-3 boundary was found to coincide with the greenschist facies-epidote-amphibolite facies boundary within the sheeted dykes; (2) a 7.4 km s-' basal crustal layer consisting of interlayered olivine gabbro, troctolite, and plagioclase peridotite was observed in the compressional wave velocity profile; (3) a velocity inversion associated with plagiogranite was observed at intermediate levels in layer 3; and (4) the MohoroviEik discontinuity correlated with a sharp transition from gabbro to dunite and peridotite.
The present investigation presents detailed compressional (V,) and shear (V,) wave velocity columns and profiles of Poisson's ratio (0) and density @) for the North Arm massif. The study was undertaken for the following reasons: (1) There is considerable interest in the Lateral heterogeneity 677 extent of lateral variability within various levels of the oceanic crust (Christensen & Salisbury 1975; Orcutt et al. 1975) . Although the exact spatial separation of the Blow-Me-Down and North Arm massifs at their time of formation is uncertain, it is probable that they originated within a few tens of kilometres of one another. Thus, a comparison of their velocity structures provides information on lateral variations in oceanic crustal seismic structure.
(2) Detailed studies of the seismic anisotropy of the ultramafics from the North Arm massif (Christensen & Salisbury 1979) have shown a symmetry and magnitude similar to those observed in the oceanic upper mantle. The crustal velocity profdes presented here thus complete the velocity structure of the massif. (3) Within the Blow-Me-Down massif, part of the upper basalt section is stripped by erosion. The sediment-basalt contact of the North Arm massif, however, is well exposed along a tributary south of Lower Crabb Brook, making it possible to have more precise stratigraphic control for the upper portion of the velocity columns. (4) In subsequent mapping and laboratory investigations, we have found evidence for the presence of a major fault separating the gabbro and ultramafics within the Blow-Me-Down massif. Because of the presence of interlayered ultramafics within the lower gabbro section, we believe the faulting has not produced significant stratigraphic thinning of the crustal section. Within the North Arm massif, on the other hand, the mafic-ultramafic contact is gradational and thus intact.
Procedures and data
The approaches we have taken for sample collection, preparation and velocity measurement are essentially the same as those described in detail by Salisbury & Christensen (1978) .
The samples were collected at closely spaced intervals along the traverses shown in Fig. 2 . At each site the samples were field oriented so that cores for physical property measurements could be taken with reference to such features as bedding, dyke orientation, cumulate layering, tectonite banding and foliation. Three cores with mutually perpendicular axes were taken from each sample. Within layered or banded units, two of these (cores 1 and 2 in Table 1 ) were aligned parallel to the plane of layering and the third was cut perpendicular to layering. The core diameters were 1.27, 1.90 or 2.54cm and the lengths vaned from 2.6 t o 6.8cm, with the larger cores cut from the coarser-grained gabbros. Each core was first weighed dry, then water saturated and reweighed saturated. The bulk densities were then calculated from the core dimensions and the wet and dry weights. Effective porosities were obtained from the wet and dry bulk densities.
Prior to the velocity measurements, the saturated cores were wrapped with an inner layer of 100 mesh screen and an outer layer of copper foil. The screen serves to provide space for pore water expelled during compression, thus maintaining relatively low pore pressures at high confining pressures. A similar technique was used for our earlier velocity measurements for Bay of Islands samples (Salisbury & Christensen 1978) . Transducers with resonant frequencies of 2MHz and backing electrodes were placed on the core ends and then covered with gum rubber tubing to hold the assembly in place and prevent the pressure medium from entering the rock pore spaces. Thus, during runs, the pore spaces of the samples were water saturated rather than saturated with the pressure medium (hydraulic oil). Using the pulse transmission method described by Birch (1960) , velocities were measured at 0.2 kbar intervals between atmospheric pressure and 1.0 kbar, and at 1 .O kbar intervals between 2.0 and 6.0kbar. The velocities are estimated to be accurate to better than 1 per cent.
Compressional and shear wave velocities, wet bulk densities, effective porosities and Poisson's ratios calculated from the mean velocities at in situ confining pressures are piesented in Table 1 . Typical velocity-pressure curves are shown in Fig. 3 for a metadolerite Table 1 were determined from similar velocitypressure curves for pressures calculated from the geologically estimated thickness and density of the overlying rock column. An additional hydrostatic confining pressure of 0.5 kbar was added for all samples to account for the seawater and sediments originally overlying the section. This assumes an average water depth of approximately 5 km. Velocities in water-saturated oceanic rocks show less change with increasing confining pressure than do the velocities of dry samples (Christensen & Salisbury 1975) . That the appropriate in situ velocities are therefore not hlghly sensitive to depth estimation is illustrated by the velocities in Fig. 3 : at pressures greater than the seafloor average (0.5 kbar), an error of 0.1 km s-' in velocity requires aminimum error in hydrostatic pressure estimation of 1.6 kbar for compressional waves and 6.5 kbar for shear waves. This corresponds to errors in depth estimation of 6 and 21 km for compressional and shear waves, respectively.
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Petrology and seismic structure of the North Arm massif
The petrology and structural geology of various portions of the Bay of Islands ophiolite have been described in several papers (e.g. Fig. 4 . The total section is approximately 10 km thick and consists from top to bottom of the following succession:
(1) A thin section of sedimentary rocks consisting of sandy shale and siltstone interbedded with sandy limestone, greywacke and chert.
(2) Relatively fresh pillow lavas, which grade downward into greenschist facies mineral assemblages.
(3) A sheeted dyke section. Our traverses extend across several minor faults, some of which likely originated when the ophiolite was formed. The early map of Smith (1958) shows a major fault (termed the Gregory River fault) extending from the south-west gabbro-ultramafic contact of North Arm Mountain north-west for 12 km, where it swings north-north-east along the Gregory River valley. Within our south-west traverse the fault coincides approximately with the basaltsheeted dyke contact (Fig. 2) and has been interpreted by Smith (1958) as a high angle reverse fault. The map of Williams (1973) does not show this fault. If the fault does exist, its displacement within the region of our traverse is relatively insignificant for our velocity profiles, since the gradual change in metamorphic grade discussed below continues uninterrupted across this boundary.
The limestone within the sedimentary section is clastic in origin and contains an estimated 70 per cent calcite, 18 per cent quartz and 2 per cent basaltic clasts, with the remainder calcite cement. The siltstones and shales are fine grained, well sorted, contain radiolaria and sponge spicules and are often interbedded with tuffaceous or hyaloclastite layers. The greywackes contain lithic fragments of sandstone, mudstone and basalt in an intergranular matrix of quartz, sericite, calcite, celandonite and opaques.
The extrusive rocks consist of basalts, which often show spectacular pillow structures. The uppermost basalts are relatively fresh with approximately 45 per cent plagioclase (An,,-,,) and 30 per cent clinopyroxene, with varying proportions of opaques, amygdules and smectite-chlorite. Plagioclase phenocrysts often show oscillatory zoning. The lower portion of the basalt section shows patchy alteration to greenschist facies assemblages consisting of chlorite, actinolite, albite and epidote. Relic clinopyroxene is usually present.
The extrusive rocks are gradational into the sheeted dyke section. Over most of the area the dykes strike NW-SE with nearly vertical dips. In the upper portion of the dyke section, the mineral assemblages are similar to those found in the lower levels of the extrusive sequence. Within the lower dyke section, greenschist facies mineral assemblages are common, as well as epidote-amphibolite mineral assemblages similar to those described in the BlowMe-Down massif by Salisbury & Christensen (1978) . The metamorphic assemblages have overprinted a sub-ophitic igneous fabric and are interpreted as having originated during ocean-floor metamorphism. In addition to relic fabrics, fine-grained chilled margins are often preserved in the dykes. Individual dykes have been observed with two, one, or no chilled margins.
The underlying high-level gabbro is extremely variable in composition. Grain size varies from micro-gabbroic to pegmatitic and compositional layering is rare. The gabbros contain plagioclase with varying proportion of green hornblende and clinopyroxene. Alteration is common, with chlorite, actinolite, prehnite and hydrogrossular often forming major phases. Diorites, quartz diorites and trondhjemites similar to rocks dredged from oceanic regions (Aumento 1969 ) are also locally abundant in this interval.
The lowermost mafic rocks in the North Arm massif are predominantly medium-grained gabbro and consist of plagioclase (An,& and clinopyroxene, with variable amounts of accessory olivine and secondary hornblende, actinolite, chlorite and serpentine. Metamorphism, which is related to introduction of water along fractures and shear zones, has locally produced abundant amphibolite consisting of green hornblende, plagioclase (An, , . , , ) and quartz diorite.
troctolite and feldspathic peridotite.
diopside. The amphibolites vary from massive to well-foliated. The transition from gabbros to ultramafics occurs within a 0.5-1.Okm thick zone of interlayered olivine gabbro, wehrlite and partially serpentinized harzburgite. The rocks in this region have been tectonized by the same process responsible for the metamorphic fabrics in the underlying harzburgites (Christensen & Salisbury 1979) . The lowermost unit consists of pervasively foliated harzburgites with minor dunites and pyroxenites. Banding, produced by a ratio segregation into more dunitic and pyroxenitic layers, is well developed locally. The foliation, which is produced by a planar orientation of the olivine, orthopyroxene and spinels, is generally parallel to the banding. The olivine and orthopyroxene possess strong tectonite fabrics. Serpentinization is common throughout the ultramafic section.
Sample depth locations are shown in Fig. 4 , along with the velocity data from Table 1 . The measured velocities in the ultramafic rocks are low because of relatively recent serpentinization (Christensen 1972) , apparently caused by groundwater. Within the mantle sequence, we also calculated the velocities for serpentine-free ultramafics from petrofabric analyses and olivine single crystal elastic constants (Christensen & Salisbury 1979) . Due to strong preferred olivine orientation, these rocks are highly anisotropic, with their magnitude and direction of anisotropy relative to the spreading, direction inferred from the sheeted dykes in excellent agreement with the upper mantle anisotropy measured NE of Hawaii (Morris, Raitt & Shor 1969) . The paired triangles in Fig. 4 bound the ranges of calculated anisotropies for serpentine-free ultramafic.
In Fig. 5 , envelopes defining the ranges in velocities, densities and Poisson's ratios are shown, as well as our best estimate, based on field estimates of the relative abundances of the various lithologies, of the actual velocity structure of the North Arm massif. For estimation purposes, the rocks below the gabbro-ultramafic contact are assumed to be serpentinefree and the rocks at all levels to be free of voids and cracks. For compressional waves, the higher velocity curve in the ultramafics is for horizontal propagation perpendicular to the sheeted dykes (and thus, the ridge crest) and the slower curve is for propagation parallel to the ridge crest. In general, for anisotropic media there are two shear waves which vibrate perpendicular to one another and travel at different velocities for a given propagation direction. The maximum difference in velocity is for propagation parallel to the sheeted dykes N. I. Figure 5 . Envelopes of compressional ( Vp) and shear (VJ wave velocity, Poisson's ratio (0) and density @) versus depth for the North Arm massif. Heavy curves represent best fits to the data. At depths below approximately 7 km, the dashed lines enclose the ranges of measured properties for partially serpentinized ultramafics, whereas the solid curves are calculated from petrofabric studies (Christensen & Salisbury 1979 ) for serpentine-free rocks. (Christensen & Salisbury 1979) and is shown in Fig. 5 . The velocities of shear waves propagating perpendicular to the dykes fall within these two velocity curves. Poisson's ratios for the crustal section were calculated from the mean velocities of Table 1 and thus are for isotropic aggregates; those shown for the ultramafic section include values calculated in the same manner from measured serpentinite velocities, plus best fit values calculated from averages of the Vp and V, extremes determined from petrofabric analyses.
The profiles in Fig. 5 have been constructed from core measurements and thus do not include the influence of large-scale fracturing on the properties of the upper section. The presence of fractures within the upper regions of the oceanic crust has been well established by detailed refraction studies (e.g. Houtz & Ewing 1976; Fowler 1976; Whitmarsh 1978; White & Matthews 1980) and by geophysical logging and laboratory studies of basalt velocities of samples obtained from the Deep Sea Drilling Project (e.g. Hyndman & Drury 1976; Kirkpatrick 1979) . Although estimates have been made on the overall effect of this fracturing on oceanic crustal velocity profiles (Christensen 1978) , the actual distribution of fractures is probably quite variable. Since there is abundant evidence that seawater has penetrated at least to the lower dyke levels of many ophiolites (e.g. Williams & Malpas 1972; Gass & Smewing 1973; Salisbury & Christensen 1978) , fracturing in young crust likely extends to depths from the seafloor as great as 5 km.
Comparison with the Blow-Me-Down massif
The velocity, density and Poisson's ratio profiles constructed in the preceding section for the North Arm massif are compared in Fig. 6 with similar data obtained from the Blow-Me-Down massif (Salisbury & Christensen 1978) . Since seismic anisotropy was not investigated in the ultramafic rocks from Blow-Me-Down, the velocities shown for the ultramafic section of this massif are for isotropic serpentine-free rocks.
In general, the profiles are in excellent agreement, but some important differences exist. In both massifs, the compressional wave velocity increases rapidly from approximately 6.1 to 6.8 kms-' and the shear wave velocity increases from 3.3 to 3.7 km s-' at depths between 1 and 2km. These increases correlate well in depth and velocity with the layer 2-3 boundary. For both profiles this boundary originates, in part, from increasing metamorphic grade. The lower-velocity dyke rocks contain greenschist facies mineral assemblages, whereas the dyke rocks with velocities above 6.5 km s-l generally contain amphibolite facies mineral assemblages.
Several observations suggest that the metamorphism primarily responsible for the velocity gradients within the basalts and dyke rocks did not originate from an overprint associated with emplacement of the ophiolite on land. First, the sedimentary rocks and pillow basalts which form the uppermost few hundred metres of the section are unmetamorphosed. Second, the metamorphic rocks from the basalt and dyke sections of the opholite have mineral assemblages and textures similar to those reported from dredged oceanic metamorphics Another factor, previously unrecognized, which is partially responsible for the rapid increase in velocity with depth within the sheeted dyke section is a corresponding decrease in grain boundary porosity. This factor is illustrated in Fig. 7 , in which the average porosities of the dyke rocks shown in Table 1 (samples 10-17) are plotted against mean velocities at 1 kbar confining pressure; since the porosities tend to decrease with depth within the dykes, the velocities must increase. Also shown are porosity-velocity data for partially serpentinized peridotites from the base of the section; although the data show a similar trend, they do not imply the presence of a velocity gradient since the porosity varies randomly with depth at this level and is strongly influenced by post-emplacement serpentinization. It is also interesting to note in this context that the average grain boundary porosity of the various lithological units tends to decrease with depth in the complex (Table 2 ). Even at atmospheric pressure, for example, the average porosity of the gabbros at the base of the crustal section is only one-seventh that of the basalts near the surface.
Lateral heterogeneity 685
Within the Blow-Me-Down massif, the presence of high-velocity pumpellyite gave rise to relatively hgh basalt velocities between 0.5 and 1.0km of the surface. Although locally present in rocks from the North Arm traverse, pumpellyite is not nearly as abundant; thus the uppermost velocities for this massif are significantly lower.
Within the high level gabbros between 2 and 4 km, both massifs show a marked compressional wave velocity inversion and a density minimum. In many ophiolites, this region contains pods, dykes and sills of quartz-bearing plagiogranite (Coleman & Peterman 1975) , displaying relatively low velocities and a low Poisson's ratio (Salisbury & Christensen 1978; Christensen 1978) . The high level gabbros are also commonly altered by deuteric processes so that they contain chlorite, prehnite, uralite, and hydrogrossular. Although plagiogranites are rare, deuteric alteration is particularly common in the North Arm section, causing the rocks at this level to have high Poisson's ratios (0.3 1-0.34). Thus the North Arm velocity profile has an increase in Poisson's ratio between 2 and 3 km depth, whereas the Poisson's ratio decreases with depth in the Blow-Me-Down massif because of the presence of greater volumes of plagiogranite along our traverse.
Velocities within the lower crustal sections (between 4 and 7 km) of the two profiles also show significant differences. At a depth of 5.3 km in the Blow-Me-Down massif, we found a step increase in compressional wave velocity from 7.0 to 7.4 km s-'. This velocity correlates well with the crustal high-velocity basal layer commonly found in airgun refraction profiles (Sutton, Maynard & Hussong 1971) and originates from an increase in modal olivine. This seismic feature, however, is not present in our North Arm profile, where slight decreases in velocity are observed at depths in the vicinity of 6 km. These inversions would be further accentuated if the effects of temperature were taken into account (Christensen 1979) .
Due to the 0.5-1.Okm thick mixed zone of gabbro, wehrlite, and harzburgite along the crust-mantle contact in the North Arm massif, the velocity transition is somewhat more gradual for our North Arm velocity profiles. The mafic-ultramafic contact on Blow-MeDown, on the other hand, is relatively sharp because of faulting. Thus the velocity structure for North Arm in the 6-7km depth interval is likely to be more representative of the oceanic MohoroviEiC discontinuity.
85 Discussion and conclusions
Based on our earlier velocity profile of the Blow-Me-Down massif and on the present study, we conclude that the velocity structure of the Bay of Islands ophiolite complex is indistinguishable from that of normal oceanic crust. Early three-layered seismic models of the oceanic crust (Raitt 1963) consisted of a thin sediment veneer underlain by a 1.0-2.5 km thick basement (layer 2) having compressional wave velocities commonly between 4.4 and 5.6 km s-' , and a 4-5 km thick oceanic layer (layer 3) with velocities commonly between 6.4 and 7.Okms-'. These models are consistent with the velocity profiles in Fig. 6 . More recently, a series of multiple-layered models based on sonobuoy and OBS data have been proposed (Sutton et al. 1971; Houtz & Ewing 1976) . These, in turn, have evolved into detailed gradient models derived from velocity and amplitude analyses of reflection and refraction data (Helmberger & Morris 1970; Orcutt, Kennett & Dorman 1976; Malacek & Clowes 1978) . Our laboratory profiles support the gradient models and show remarkable similarity to several recently published examples (Malacek & Clowes 1978; Spudich, Salisbury & Orcutt 1978) .
Since the Bay of Islands ophiolite complex appears to be indistinguishable from normal oceanic crust in terms of its velocity structure along widely spaced traverses, it follows that the seismic structure of the oceanic crust may be interpreted in terms of petrology through correlation of the velocity and petrologic columns of the complex.
The petrologic conclusions reached in this paper are essentially similar to those summarized earlier from our study of the Blow-Me-Down massif (Salisbury & Christensen 1978) , but with the following additional observations:
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(1) Strong positive velocity gradients exist within the upper 2 km of the oceanic crust beneath the sediment cover. Two major interrelated factors responsible for these gradients are decreasing grain boundary porosity and increasing metamorphic grade with depth. If the effects of intercalated sediments, pillow interstices, pore pressure and water-filed cracks and joints were taken into account, the gradients produced would undoubtedly be more pronounced than those shown in Fig. 6 .
(2) A major low-velocity zone associated with a region of low density occurs at depths of between 2 and 4km. There are multiple origins for this zone: when due to quartz-rich plagiogranite intrusions, the compressional wave velocity decreases more than the shear wave velocity giving rise to low values of Poisson's ratio (0.25-0.27); if caused by deuteric alteration of high level gabbros, V, decreases proportionately more than V,, giving rise to relatively high Poisson's ratios (0.3 1-0.34).
(3) Within the Blow-Me-Down massif, the lower crust displays relatively high velocities (Vp = 7.4 km s-'; V, = 3.9 km s-') in agreement with the observations of Sutton et al. (197 1) . Lateral heterogeneity within this region is demonstrated by the absence of a high-velocity basal layer in the North Arm massif. Our velocity profiles have not taken into account the lowering of velocity with depth produced by increasing temperatures. Thus a velocity inversion is likely within this region as suggested by Lewis & Snydsman (1977) on the basis of seismic data for these depths. However, the origin of the velocity inversion is quite different from their proposed model, which is based on serpentinization.
(4) Due to the interlayering of gabbro and ultramafic rocks, the crust-mantle boundary is likely to be spread out over a greater depth interval than in our previous estimate. It was shown earlier from petrofabric and petrographic observations (Christensen & Salisbury 1979 ) that upper mantle deformation originating from plate motion extended through this transition region into the lower crustal section. Thus seismic anisotropy is present throughout the ultramafic section and continues, though much smaller in magnitude, upward into the gab b ros.
Lateral heterogeneiry 687
A possible explanation for the heterogeneity is lateral variation in the sizes and levels of emplacement of lower crustal magma chambers under spreading centres. Although magma chamber models for the formation of oceanic crust based on the presence of single large chambers may be locally applicable, we suggest that in actuality the configuration is exceedingly more complex.
Although the essential features of our earlier petrologic interpretation of oceanic seismic structure have been confirmed in this study, it is only by reconstructing the velocity of the crust along many such traverses that general patterns of petrologic control over velocity can be convincingly distinguished from local variations. From a comparison of the traverses completed to date, it is already clear that much of the variation observed in oceanic seismic structure can be explained in terms of local differences in petrology and structure. Given the number and influence of the variables which have operated in the crust, the alleged homogeneity of the crust deduced from early seismic studies can only be a relict of seismic averaging. With increasingly sophisticated seismic data and a better understanding of the velocity structure of the ophiolites, it is becoming apparent that lateral heterogeneity is an inherent feature of the ocean crust.
